We have demonstrated energy transfer between a biological labeling dye (Alexa Fluor 405) and gold nanorods experimentally and theoretically. The ‡uorescence lifetime imaging microscopy and density matrix method are used to study a hybrid system of dye and nanorods under one-and two-photon excitations. Energy transfer between dye and nanorods via the dipole-dipole interaction is found to cause a decrease in the ‡uorescence lifetime change. Enhanced energy transfer from dye to nanorods is measured in the presence of an increased density of nanorods. This study has potential applications in ‡uorescence lifetime-based intra-cellular sensing of bio-analytes as well as nuclear targeting cancer therapy.
I. INTRODUCTION
Interest in the development of nanoscale optoelectronic devices has progressed recently by combining di¤erent nanomaterials into hybrid structures ( . These hybrid systems are made from the combination of two or more nano-scale components such as quantum dots, graphene, carbon nanotubes, semiconductor nanowires, metallic nanoparticles, metallic nanowires and nanobiomaterials (DNA) to enhance or decrease optical interactions and e¤ects. These hybrid nanostructures could prove to be potentially strong tools for the future of biotechnology (Mulder et To fuel the current revolution in life science imaging new experimental tools that enable the manipulation of biomolecules and the study of biological processes at the molecular level are needed. Biomolecule-nanoparticle hybrid systems represent functional information gathering units for biological applications. To create ‡uores-cent probes there are many types of potential hybrid matches such as organic dye-metal (Kumar 2005 ) and nanoparticle-enzyme (Willner et al 2007) . Speci…cally magnetic hybrid nanostructures have applications as contrast agents in MRI technology (Quarta et al 2007) . Fluorescent dyes are combined with quantum dots in hybrid systems as photosensitizers for photodynamic therapy in cancer studies. A Methylene blue (dye)-semiconductor nanocrystal match points toward an improvement in the cancer cell kill e¢ ciency (Rakovich et al 2010) . A system of two linear linked dye molecules to metal oxide nanoparticles has been made to be a dye-sensitized solar cell covering a wavelength range from 400 to 950nm (Park et al 2011) . Organic dye molecules and noble metal nanoparticles show improved ‡uorescence quenching ef…ciency and photostability as resonant energy transfer systems (Dulkeith et al 2002) .
Also, Silver colloids selectively bound with thiolated 23-mer oligonucleotide in a hybrid system with ‡uores-cein were studied. Their interaction made for an observed increase in ‡uorescence emission (Lukomska et al 2004) . An organic dye(SAMSA)-gold nanoparticle hybrid system has been recently found to have random photoactivated ‡uorescence blinking whose rate depends on the size of the nanoparticles. These properties have the potential for use as light emitting nanostructures (Cannone et al 2007) .
The aim of this paper will be on a hybrid system consisting of Alexa Fluor 405 dye (AFD), a biological ‡uores-cent labeling dye, and gold nanorods (GNRs). We will be concerning ourselves with the energy transfer rate arising from the interaction of optical exctiations between these components of the system. These interactions are strong when the AFD and GNR are in close proximity and their optical excitation frequencies are resonant with each other.
The optical excitations in the metallic nanorods are the collective oscillations of conduction band electrons, called surface plasmon polaritons. Polaritons arise from the dielectric contrast between the metal and an embedded dielectric media while the resonant frequencies of SPPs are dictated by the shape and size of the metallic system. The future of nanophotonic devices and circuits utilizing the polaritons is expected to be signi…cant in optical signals processing, nanoscale optical devices, and near-…eld microscopy with nanoscale resolution (Gramotnev et al 2010) . and it is found that it is more sensitive to the local …eld than single-photon luminescence. One-and two-photon induced ‡uorescence of Paci…c Blue (PB)-labeled human serum albumin (HSA) has been studied in the presence of di¤erent size silver colloids. The two-photon excitation showed stronger increases in brightness compared to one-photon excitation (Lukomska et al 2005) .
AFDs can act as a cell and tissue labels in ‡uores-cence microscopy and cell biology. The AFD is e¢ -ciently activated by lasers in the wavelength range near 405 nm (Bates et al 2007) . This work investigates the energy transfer rates for situations where the AFD is excited by one-and two-photon absorption, respectively. Alexa Fluor dyes are generally more stable, brighter, and less pH-sensitive than common dyes (e.g. ‡uores-cein, rhodamine) of comparable excitation and emission (Panchuk-Voloshina et al 1999).
The GNRs are synthesized by the seeded growth method with a typical length about 50nm and aspect ratio about 3.5 obtained from SEM measurement. For energy transfer studies, we prepared a GNR and AFD hybrid system. A schematic of the hybrid solution is presented in …g. 1. The …rst sample S0-1 was prepared by combining the mixture solution of 500 l 0.21nM GNRs and 150 l 2 M AFD making for an AFD/GNR ratio of 3000:1. Similarly, a second sample S0-2 was prepared by mixing a solution of 500 l 0.21nM GNRs and 300 l 2 M AFD for a ratio of 6000:1. Samples were placed in an imaging chamber for microscopy studies. Fluorescence-lifetime imaging microscopy (FLIM) experiments were performed using a confocal microscope (LSM 510, Carl Zeiss) equipped with a time-correlated single photon counting module (SPC-830, Becker & Hickl GmbH). A femtosecond Ti:Sapphire laser (Chameleon, Coherent) with a laser pulse repetition rate of 80 MHz and duration less than 200 fs. Emission was collected using a 60 water immersion objective (N.A. We have examined the interaction between GNRs and AFD in a mixed solution by monitoring the ‡uorescence lifetime change. Here sample F405 is the pure AFD and samples S0-1 and S0-2 are AFD-GNR hybrids. Fig.2 displays the comparison of AFD ‡uorescence intensity in S0-1, S0-2 and reference control solution excited at 385nm. All measurements have been normalized in term of dye concentration so that direct comparison can be made. Both S0-1 and S0-2 showed signi…cant drop in ‡uorescence intensity. Furthermore, S0-2 had a further decrease in intensity compared to S0-1.
In two separate experiments the one-photon and twophoton ‡uorescence lifetime change in samples F405, S0-1, and S0-2 were observed under excitation from two different lasers. In the one-photon experiment the laser with wavelength 374nm is used and emissions were collected with longpass 405nm …lter. One-photon excitation ‡uo-rescence decay curves of all samples are presented in …g. 3. Under one-photon excitation (374nm) the GNRs do not emit light, so the decay curve of mixture solution can be directly compared to that of the pure F405 sample. All AFD-GNR hybrid samples (S0-2 and S0-1) show signi…cant decrease in decay time. This lifetime reduction alongside a ‡uorescence intensity decrease suggests an energy transfer between AFD and GNRs.
In the two-photon excitation experiments a laser with wavelength 810nm (Ti: Saphire) is used and both AFD and GNRs emit luminescence. The GNRs emit luminescence with a lifetime shorter than the system response time (Zhang et al 2010) . In …g. 4 we show normalized decay curves (after subtracting the e¤ect from nanorods) of F405, S0-1, and S0-2 under two-photon excitation. Emission from GNR solution was used as system response (or prompt) to achieve good-quality …t-ting results. More signi…cant decrease in lifetime (down to 2.6ns from 3.7ns) has been found, which suggests an enhanced energy transfer process when excitation wavelength matches with longitudinal surface plasmon resonance of GNRs. This enhanced energy transfer under two-photon excitation shows a bene…t to using gold nanorods in energy transfer pairs in comparison with gold nanospheres.
In this paper we have considered the dipole-plasmon interaction between the dye and metal nanoparticles for the two-photon process, we call it a dipole-dipole interaction. In the literature the surface energy transfer (SET) theory has been widely used to explain experimental data (Zhang et 4 distance dependence behaviour where d would be the distance between the dye and a metallic nanoparticle. This theory has been developed for a one-photon process and it is valid for a special case when the one-dimensional (1D) localized plasmons are interacting with a dipole. The 1D localized plasmons are present in two-dimensional metallic surface with a semi-in…nite positive back-ground (Persson et al 1982). In the present work, the plasmons in the nanorods are localized in all three dimensions because the size of the nanorod in all three dimensions is smaller than the wavelength of the incident light. In nanorods there is no semi-in…nite positive back-ground. Hence the SET theory cannot be applied to the present case and we have developed a theory for the two-photon energy transfer between a dye and a nanorod as follows.
In the above experiments one-photon and two-photon processes are studied in the AFD. The AFD acts as a donor nanoparticle and the GNR acts as an acceptor nanoparticle in the hybrid system. According to selection rules, the one-photon excitation occurs only when the ground state and the excited state have the opposite parity. Similarly the two-photon excitation occurs only when the ground and excited states have the same parity. Therefore we consider that the AFD must have one ground state and two excited states with opposite parity. We model that the AFD's three states which are denoted as j1i, j2i, and j3i where j1i is the ground state and j2i and j3i are excited states. The 374 nm laser is represented by E c cos (! c t) which excites the one-photon transition from j1i to j3i (i.e. ! c ' ! 13 ). The 810 nm laser is E p cos (! p t) and it excites a two-photon transition from from j1i to j2i (i.e. 2! p ' ! 12 ). We also consider that the 374nm and 810nm lasers excite one-and twosurface plasmon polaritons in the GNR with frequency ! sp1 =! c and ! sp2 =2! p , respectively.
II. THEORY
One-and two-photon excitation dipoles are induced in the AFD and GNR. They interact with each other via the dipole-dipole interaction (DDI). Due to the DDI, energy transfer occurs from AFD to GNR and can be calculated as (Meystre et al 2007)
where i = 1ph and 2ph. Here j i g is the induced current and V g is the volume of GNR. The arrowed brackets, hi, signify a time average over the period of the oscillating laser …elds. The …elds E are the dipole elctric …elds created by the AFD due to the one-and two-photon excitations at the location of the GNR, respectively. They are written as
where P The center-to-center distance between the AFD and GNR is denoted as R.
The one-and two-photon polarization in AFD can be calculated by using the density matrix method as (Meystre et al 2007)
The physical parameters % 12 and % 13 are the density matrix elements between states j1i and j2i and j1i and j3i, respectively. Here 13 and k 12 are the one-photon and two-photon dipole moments and are given in reference (Sarid et al 2010). The current density j i g in the GNR is calculate by di¤erentiating the polarization P in the GNR can be calculated by using the quasi-static approximation (Nanotny et al 2006) . We consider a GNR of an ellipsoidal shape with major axis l and minor axis r. The electric …eld seen by the GNR are E c and E The resultant polarization of the GNR is
and where m (!) is dielectric constant of the GNR and taken from Ref. (Meystre et al 2007) . Here m e , , and e are the mass of an electron, coupling constant with unit (m 1 s 2 ) and the charge of the electron, respectively. Parameter & l;r (u) is the depolarization factor and is de…ned in Ref. (Cox et al 2010) and it depends on the shape of the nanorod (u = r=l).
With the help of eqns (2-4), eqn (1) the energy transfer rate calculated as
where
d!g are the energy transfer rate due to the one-and two-photon DDI from the AFD to the GNR. Note that energy rate depends on the one-and two-photon DDI between the AFD and GNR. A similar expression to eqn. (6a) for the one-photon process has been calculated in Ref. (Artuso et al 2010) . This expression depends on the density matrix element 13 which are also been calculated in that work. The two-photon energy transfer rate depends on density matrix element 12 which is calculated as follows.
We have calculated that polarization induced in the GNR in eqn. (4) . This polarization creates a dipole …eld near the AFD and is written as
The AFD and GNR interact via DDI. Using the above expression the DDI Hamiltonian of the hybrid system is
Here hc stands for the Hermitian conjugate and ij = jii hjj is called the creation operator from state jii to jji. Note that DDI Hamiltonian depends on 1 and 2 whose denominator becomes zero at ! sp = ! 12 . This means that the DDI is strongest when the frequencies of AFD and GNR are resonant (! sp2 = ! 12 ).
We use the density matrix method developed for the and one-and two-photon process in Ref. (Meystre et al 2007) . Using eqn. (8) 21 , and S = S j 12 j. The detuning parameter here is 21 = 2! p ! 12 . 2 is the spontaneous decay rate for states j2i and S = (k bb k aa )=4k ab where k aa , k bb , k ab are the two-photon coe¢ cients (Meystre et al 2007) .
The energy transfer from AFD to GNR is measured via the ‡uorescence of the AFD. The energy transfer is observed as a decrease of the AFD's ‡uorescence intensity and increase of the GNR's. In the ‡uorescence measurement, the intensity emission from the AFD is measured in time. The decay time of AFD in the presence of GNRs is given as
where 3 and 2 are radiative decay rates of the AFD for one-and two-photon in the absence of the GNRs, respectively. Similarily 1ph and 2ph are the nonradiative decay rates due to one-and two-photon energy transfer from the AFD to the GNR. It has found that the radiative and nonradiative decay rates are related to the energy transfer rate of the AFD in the absence and in the presence of the GNR, respectively by the following identity (Nanotny et al 2006)
where W are the density matrix elements for j2i and j3i in the absence of the GNR and measure the population of j2i and j3i, respectively. They are evaluated from eqn. (9) by neglecting the DDI Hamiltonian. By putting eqns 11 and 12 into 10a & 10b we get the oneand two-photon ‡orescence intensities.
The AFD-GNR pair does not exist alone but in an ensemble of AFD-GNR pairs. We consider that the AFDs and GNRs are separated according to the Gaussian distribution as where R av is the average distance between a AFD and GNR pair and is the standard deviation. The ‡ores-cence intensity decay is now the summation of all accessible distances between the AFD and GNR such that
This is simply the weighted average of the decay for each AFD-GNR distance.
III. RESULTS AND DISCUSSION
For simulations sake the 374 nm and 810 nm laser …elds are taken to be resonant with their transitions, therefore 12 = 13 = 0. This is fair given that the intensities under comparison are normalized. The three sample solutions contain the hybrid system in an aqueous solution. For this reason, the background dielectric constant is that of water, b = 1:77. For the F405 three level model the dipole moment 13 = 0:004e nm and two-photon coupling constant k 12 = 2 10 36 mC 2 =N, g = 1. The radius of the nanorods is taken to be r = 50 nm and u = 1=3 while the radius for F405 molecule is 1 nm.
Using eqn. (10a) we have calculated the one-photon ‡uorescence intensity for the F405-GNR hybrid system . The results are plotted in …g. 3 by solid, dashed, and dashed-dotted lines for three samples F405, S0-1 and S0-2, respectively. A good agreement between theory and experiment is found. The ‡uorescence intensity for the F405 sample is calculated by neglecting DDI terms, W in their decay rates. The decrease in the decay rate is due to energy transfer from the AFD to the GNR due to the one-photon DDI. Note that the decrease in the decay time in S0-2 is larger than that of the S0-1. This means the DDI interaction in the S0-2 sample is larger than in the S0-1 sample. The average centre-to-centre distance between the AFD and GNR for S0-1 and S0-2 are estimated at R av = 71 nm and R av = 61 nm, respectively. This also shows that the DDI in S0-2 is larger than that of the S0-1 since the DDI is inversely proportional to the distance between the AFD and GNR.
The numerical simulations for two-photon ‡uorescence intensity is performed by using eqn. Decrease in the decay rates for both samples is consistent with the one-photon case and is motivated by the two-photon energy transfer from the AFD to the GNR. The decrease in the decay time in S0-2 is again larger than that of the S0-1 and therefore its DDI interaction is larger. These results are consistent with the result from a FLIM study in cell culture (Zhang et al 2011) .
IV. CONCLUSION
The energy transfer between biological labeling dye (Alexa Fluor 405) and gold nanorods has been studied experimentally and theoretically. Fluorescence lifetime imaging microscopy and the density matrix method are applied to study a hybrid system of dye and nanorods under one-and two-photon excitations. The DDI interaction between AFD and GNR causes a decrease in the ‡uorescence lifetime change. The energy transfer provides detailed information in biological studies using metallic nanoparticles as ‡uorescence probes, especially when combined with the advantages of two-photon excitation microscopy (Zhang et al 2011) . The present study has potential applications in FRET imaging and ‡uores-cence lifetime-based intra-cellular sensing of bio-analytes such as metal ions, proteins, as well as nuclear targeting cancer therapy.
